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Histone variant H2A.Z-containing nucleosomes are
incorporated at most eukaryotic promoters. This
incorporation is mediated by the conserved SWR1
complex, which replaces histone H2A in canonical
nucleosomes with H2A.Z in an ATP-dependent
manner. Here, we show that promoter-proximal
nucleosomes are highly heterogeneous for H2A.Z in
Saccharomyces cerevisiae, with substantial repre-
sentation of nucleosomes containing one, two, or
zero H2A.Z molecules. SWR1-catalyzed H2A.Z
replacement in vitro occurs in a stepwise and unidi-
rectional fashion, one H2A.Z-H2B dimer at a time,
producing heterotypic nucleosomes as intermedi-
ates and homotypic H2A.Z nucleosomes as end
products. The ATPase activity of SWR1 is specifically
stimulated by H2A-containing nucleosomes without
ensuing histone H2A eviction. Remarkably, further
addition of free H2A.Z-H2B dimer leads to hyperstim-
ulation of ATPase activity, eviction of nucleosomal
H2A-H2B, and deposition of H2A.Z-H2B. These
results suggest that the combination of H2A-contain-
ing nucleosome and free H2A.Z-H2B dimer acting as
both effector and substrate for SWR1 governs the
specificity and outcome of the replacement reaction.INTRODUCTION
The eukaryotic genome is packaged into chromatin within the
cell nucleus. The fundamental packaging unit of chromatin is
the nucleosome, which consists of an octameric histone core
around which 147 base pairs (bp) of DNA are wrapped in 1.7
left-handed superhelical turns, plus linker DNA of variable length
between adjacent nucleosome core particles (Kornberg and
Lorch, 1999). The canonical nucleosome, containing two each
of the four main histones, H2A, H2B, H3, and H4, is representa-
tive of the bulk of chromatin in the cell nucleus. However, a minor
fraction of the nucleosome population is assembled from nonal-lelic histone variants, which have an important role inmajor chro-
mosome activities of the cell, including transcription, DNA repli-
cation, and repair (Ausio´, 2006).
The widely conserved histone H2A.Z variant shares 60%
sequence identity with the canonical H2A histone and plays
essential, nonredundant roles in higher eukaryotes (Guillemette
and Gaudreau, 2006). In yeasts, H2A.Z is not essential, but cells
exhibit slow growth (Carr et al., 1994; Santisteban et al., 2000),
chromosome instability (Carr et al., 1994; Krogan et al., 2004),
gene silencing defects (Meneghini et al., 2003), and sensitivity
to genotoxic and environmental stress (Jackson and Gorovsky,
2000; Kobor et al., 2004; Mizuguchi et al., 2004). Crystallo-
graphic studies have shown that H2A.Z-containing nucleosomes
are in general structurally similar to canonical nucleosomes but
possess distinct internal and surface features (Suto et al.,
2000). Biophysical studies also reported differences in nucleo-
some stability, positioning, and higher-order interactions
(Zlatanova and Thakar, 2008). Of interest, it has been recently
demonstrated that purified nucleosomes containing both
histone H2A.Z and the histone H3.3 variant are the least stable
among native nucleosomes to salt-induced dissociation
(Jin and Felsenfeld, 2007; Zhang et al., 2005).
Genome-wide mapping of nucleosome distribution indicates
that the vast majority of budding yeast promoters have a stereo-
typical chromatin architecture, characterized by two well-posi-
tioned nucleosomes (+1 and 1) flanking an 80–230 base pair
region that is relatively depleted for histones and is commonly
referred to as the ‘‘nucleosome-free region’’ (NFR) (Cairns,
2009; Jiang and Pugh, 2009b; Weiner et al., 2010). With its
NFR-proximal edge covering the transcription start site (TSS),
the +1 nucleosome acts as a barrier that occludes the TSS and
helps position downstream nucleosomes in the coding region
(Jiang and Pugh, 2009b). Formaldehyde crosslinking and chro-
matin immunoprecipitation (ChIP) experiments conducted on
the budding yeast Saccharomyces cerevisiae first demonstrated
that histone H2A.Z (called Htz1) is enriched at intergenic regions
upstream of PHO5 and GAL1 even under repressed conditions
(Santisteban et al., 2000). It was subsequently shown in
genome-wide studies that H2A.Z is dramatically enriched at
the promoter-proximal +1 and 1 nucleosomes (Albert et al.,
2007; Raisner et al., 2005), with enrichment diminishing progres-
sively away from the promoter (Albert et al., 2007). The presenceCell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc. 725
of H2A.Z nucleosomes surrounding most yeast promoters in the
absence of transcription has led to the proposal that H2A.Z-con-
taining nucleosomes help poise genes for transcription (Jin and
Felsenfeld, 2007; Li et al., 2005; Santisteban et al., 2000; Zhang
et al., 2005). In metazoans, H2A.Z is localized to nucleosomes
proximal to promoters of active genes (Rando and Chang,
2009). More recently, H2A.Z has also been implicated in DNA
repair (Morrison and Shen, 2009) and in suppression of spurious
noncoding transcription (Zofall et al., 2009). The molecular func-
tion of H2A.Z in transcription and DNA repair remains obscure.
Previous studies have shown that the 14 subunit S. cerevisiae
SWI/SNF-related SWR1 complex (SWR1) is required for the
incorporation of H2A.Z (Kobor et al., 2004; Krogan et al., 2003;
Mizuguchi et al., 2004). Human counterparts of SWR1, named
SRCAP and p400, have also been identified (Ge´vry et al., 2007;
Ruhl et al., 2006). SWR1 is itself enriched at promoters, coinci-
dent with the maxima of H2A.Z distribution (Venters and Pugh,
2009). The recruitment of SWR1 to promoters is attributed in
part to the bromodomain-containing Bdf1 subunit of SWR1
and its interaction with acetylated histone H3 and H4 tails (Altaf
et al., 2010; Koerber et al., 2009; Raisner et al., 2005).
How SWR1 carries out the ATP-dependent replacement of
nucleosomal H2A with H2A.Z is not well understood. Studies
from our laboratory have shown that the histone replacement
reaction can be sufficiently reconstituted in vitro with purified
components (Luk et al., 2007; Mizuguchi et al., 2004). This basic
reaction has also been demonstrated with purified components
from mammalian and insect cells and can be enhanced by
acetylation of the nucleosomal substrate (Altaf et al., 2010;
Kusch et al., 2004; Ruhl et al., 2006). In the replacement reaction,
the H2A.Z-H2B dimer is delivered as a unit to SWR1 (Mizuguchi
et al., 2004; Ruhl et al., 2006) specifically to its Swc2 subunit.
Delivery is assisted by an H2A.Z-specific chaperone Chz1,
which is displaced upon H2A.Z-H2B binding (Luk et al., 2007).
A second binding site for H2A.Z-H2B was recently localized to
the N-terminal domain of the Swr1 ATPase subunit (Wu et al.,
2009). The binding of H2A.Z-H2B to SWR1 is independent of
ATP (Wu et al., 2005).
Other important steps of the histone replacement reaction
involve the ATP-dependent eviction of nucleosomal H2A-H2B
and insertion of H2A.Z-H2B. However, themechanisms bywhich
these steps are carried out are obscure. It is also unclear whether
SWR1 replaces one or both histone H2A-H2B dimers in a canon-
ical nucleosome with H2A.Z-H2B, producing heterotypic (AZ) or
homotypic (ZZ)H2A.Z-containing nucleosomes. In vitro reconsti-
tution by salt dialysis shows that the two species can be reconsti-
tuted from purified histones and DNA (Chakravarthy et al., 2004;
Sutoet al., 2000). Therefore, it is of particular interest todetermine
whether promoter-proximal H2A.Znucleosomesareorganized in
theAZorZZstate because they are indistinguishable by standard
ChIP procedures (Albert et al., 2007; Raisner et al., 2005). Muta-
tion of the ATP-binding pocket of the Swr1 ATPase subunit and
studies with nonhydrolyzable ATP analogs documented that
ATP hydrolysis is an absolute requirement for the histone
replacement reaction (Mizuguchi et al., 2004). How the ATPase
activity of the SWR1 complex is transduced to the eviction of
H2A-H2B and insertion of H2A.Z-H2B and whether the ATPase
activity is regulated in the course of the reaction are unknown.726 Cell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc.In this study, we investigated whether the homotypic and
heterotypic states of H2A.Z-containing nucleosomes are
present at the promoters of budding yeast in vivo. We found
that promoter-proximal nucleosomes are highly heterogeneous
in histone variant composition, with substantial representation
of nucleosomes containing one, two, or zero H2A.Z molecules.
To further understand this phenomenon, we developed an
in vitro assay to distinguish between compositional states and
found that the histone replacement reaction is stepwise and
unidirectional, i.e., progressing from AA (canonical) to AZ to ZZ
nucleosomes. Further investigation of the underlyingmechanism
showed that ATP hydrolysis by the SWR1 complex is specifically
activated by H2A-containing nucleosome and additionally by
H2A.Z-H2B dimer, leading to histone replacement. These results
lead to a model in which specific activation of SWR1 by the two
in vivo histone substrates drives the stepwise, unidirectional
pathway of histone H2A.Z replacement.
RESULTS
Both AZ and ZZ Nucleosomes Are Present
in Saccharomyces cerevisiae
To investigate whether budding yeast nucleosomes contain one
or two copies of the H2A.Z variant, we performed coimmunopre-
cipitation (co-IP) analysis with the use of a diploid strain in which
one allele ofHTZ1, the gene encoding S. cerevisiae H2A.Z, is left
untagged and the second HTZ1 allele bears a Flag epitope tag
(HTZ1FLAG) to facilitate purification. Cells in asynchronous
culture were fixed with formaldehyde to preserve nucleosome
integrity, and mononucleosomes were generated by MNase
digestion (Figure S1A available online). We immunoprecipitated
Htz1Flag-containing nucleosomes with anti-Flag antibodies and
analyzed their composition by reversal of crosslinking and
western blotting. Probing with anti-Htz1 antibodies showed
that untagged Htz1 copurifies with Htz1Flag, indicating the pres-
ence of homotypic H2A.Z (ZZ) nucleosomes in yeast cells
(Figure 1A). Moreover, reprobing the same blot with anti-H2A
antibodies shows copurification of H2A with Htz1Flag, demon-
strating the existence of heterotypic H2A.Z (AZ) nucleosomes
as well (Figure 1B). Based on the experimentally determined
ratios (Z:ZF = 0.29, Figure 1A; A:ZF = 0.49, Figures 1C and 1D),
we calculated the relative distribution of ZZ and AZ nucleosomes
to be 35% and 65%, respectively (Figure S1B).
In principle, AZ nucleosomes could be generated from AA
nucleosomes by stepwise replacement with H2A.Z-H2B dimers.
This replacement could occur in a replication-independent
manner in all phases of the cell cycle, including the G1 phase
(S. Sen and C.W., unpublished data). In addition, AZ nucleo-
somes could arise as a consequence of disruption of ZZ nucle-
osomes and reassembly with a mixed histone dimer pool during
DNA replication in S phase. The latter contribution can be mini-
mized in our analysis by the use of yeast cells arrested in G1
phase by a-mating factor (Figure 1F). Under these conditions,
a haploid yeast strain carrying Htz1Flag as the sole copy still
exhibits substantial copurification of H2A with Htz1Flag (75%
compared to asynchronous cells) (Figure 1E).
Wemeasured the relative proportion of H2A.Z toH2Abound to
chromatin in G1-arrested cells by quantitative western blotting
Figure 1. Isolation of Homotypic ZZ and
Heterotypic AZ Nucleosomes
(A and B) Histone co-IP analysis of mononucleo-
somes prepared from fixed diploid HTZ1FLAG/
HTZ1 cells (yEL021). (A) The SDS-PAGE and
anti-Htz1 (a-Htz1) western analyses of MNase-
treated nuclear extract (Input), flowthrough of
anti-Flag IP (FT), and anti-Flag immunoprecipi-
tates eluted with Flag peptides (Flag eluate). 20,
10, 5, and 2 ml of the Flag eluate was loaded in
lanes 3, 4, 5, and 6, respectively. Lane 3 was
imaged from a separate western blot. The ratio
of untagged Htz1-to-Htz1Flag for the Flag eluate
is 0.29 ± 0.08 (average and range of two western
analyses). The membrane was stripped and
reprobed with anti-H2A (a-H2A) antibodies in (B).
(C and D) The Flag eluate of (A) was quantified by
a-Htz1 and a-H2A western analyses using
recombinant Htz1 and H2A standards. The esti-
mated molar ratio of H2A to Htz1Flag in the Flag
eluate is 0.49.
(E) Co-IP and western analyses of the Flag eluate
from G1-arrested, asynchronous haploid cells
(yJL036). Numbers indicate quantification of the
Htz1Flag western signal relative to H2A.
(F) FACSanalysis ofasynchronousandG1-arrested
cells.
(G andH) Quantification of total H2A andHtz1 poly-
peptides in the nuclear extract (Input) of G1-ar-
rested cells. Asterisk (*) indicates a cross-reactive
band. The two panels in (H) are imaged from the
same western blot.
See also Figure S1.using purified bacterially expressed Htz1 and H2A as protein
standards (Figures 1G and 1H). Htz1 constitutes 9% of total
H2A-like histones in chromatin, comparable to previous results
obtained for mammalian cells (4%) (West and Bonner, 1980).
ZZ and AZ Nucleosomes Are Enriched at Promoters
The presence of homotypic and heterotypic H2A.Z nucleosomes
in G1-arrested cells prompted us to map their genomic
locations. Both AZ and ZZ nucleosomes could be enriched at
promoters genome-wide, or they could be differentially distrib-
uted among distinct sets of genes. To distinguish between these
possibilities, we used sequential IP to fractionate the heteroge-
neous nucleosome population into three subpopulations
representing ZZ, AZ, and AA nucleosomes.We first immunopuri-
fied Htz1Flag-containing nucleosomes from haploid yeast cells
(expressing Htz1Flag as sole source) with the use of anti-Flag
antibodies to isolate ZZ and AZ nucleosomes in the bound
fraction, followed by secondary IP of the eluate with anti-H2A
antibodies to separate ZZ from AZ nucleosomes (Figure S2A).
Western blotting of bound and flowthrough fractions confirmed
that IP was highly efficient (Figure S2B). In addition, the
flowthrough fraction from the first anti-Flag IP, which is quantita-Cell 143, 725–736, Ntively depleted for AZ and ZZ nucleo-
somes, was subjected to additional IP
with anti-H2A to give a bound fraction
highly enriched for AA nucleosomes.
We mapped the locations of each distinct nucleosomal pop-
ulation by hybridization of amplified, fluorescently labeled DNA
to oligonucleotide tiling microarrays covering two yeast chro-
mosomes (chromosomes 3 and 6 plus other selected regions),
at 10 bp resolution, for both DNA strands. The results are pre-
sented as normalized ratios of nucleosomal to genomic DNA
fluorescence (Figure 2A and Figure S3). Consistent with
previous studies (Albert et al., 2007; Raisner et al., 2005), we
confirmed that Htz1-containing nucleosomes (Z total) map
predominantly to the promoter-proximal +1 and 1 nucleo-
somes, with enrichment tapering off away from the promoter
(Figure 2). Of interest, we found that the subpopulations of
AZ and ZZ nucleosomes are similarly enriched at most
promoters (Figure 2A). This is especially evident in the normal-
ized average profiles for 466 nucleosomes in the +1 position
(Figure 2B). The relative abundances of AZ and ZZ nucleo-
somes at the +1 location are highly correlated (R = 0.89),
arguing against differential enrichment of AZ or ZZ nucleo-
somes for a specific subset of promoters (Figure S2C). The
average AZ and ZZ nucleosome profiles surrounding the
promoter region also show differences. ZZ nucleosome enrich-
ment is more restricted to the 1 and +1 positions, whereas AZovember 24, 2010 ª2010 Elsevier Inc. 727
Figure 2. Genomic Distribution of the AA, AZ, and ZZ Nucleosomes
(A) Tiling microarray data of a representative region in chromosome 3 showing the genomic distribution of the Z total (orange), ZZ (green), AZ (purple), AA (red),
and total (blue) nucleosomes. The data are presented as the normalized ratio of nucleosomal and genomic DNA signals. Gray bars indicate coding regions.
(B) Normalized average nucleosome distribution in and around the +1 nucleosome center of 466 genes (Jiang and Pugh, 2009a). Circles illustrate the estimated
positions of the 1, +1, +2, +3, and +4 nucleosomes.
See also Figure S2 and Table S2.enrichment is comparatively lower and declines more gradually
away from the promoter (Figure 2B).
Substantial Presence of AA Nucleosomes at Promoters
Previous studies of H2A.Z enrichment at promoters genome-
wide did not include canonical (AA) nucleosomes, which are
commonly assumed to be depleted at promoters. To test this
assumption, we determined the genomic distribution of the puri-
fied AA nucleosome subpopulation on tiling microarrays
(Figure S2A). As anticipated, the normalized AA nucleosome
distribution is similar to that observed for the total nucleosome
pool (total) (Figures2Aand2BandFigureS3).However, theabun-
dance of AA nucleosomes at promoters is surprisingly substan-
tial, despite enrichment of the ZZ and AZ variants. This is espe-
cially evident at the 1 and +1 nucleosome positions, where728 Cell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc.H2A.Z is thought to be predominant but in fact exhibits a similar
abundance to canonical H2A (Figure 2B). We conclude that
steady-state histone variation at promoter-proximal nucleo-
somes is quite heterogeneous in a population of budding yeast,
showing significant levels of both variant and canonical nucleo-
somes. Clustering analysis of H2A.Z nucleosome distributions
for the TATA-containing and TATA-less promoters shows that
histone heterogeneity appears to be a common feature of most
yeast promoters, irrespective of gene category (Figure S2D).
SWR1 Generates Nucleosomal AZ Intermediate and ZZ
End Product In Vitro
The steady-state level of H2A.Z at promoter-proximal nucleo-
somes is a product of opposing H2A.Z assembly and disas-
sembly pathways in vivo. Incorporation of H2A.Z in nucleosomes
Figure 3. In Vitro Assay Showing the Step-
wise Assembly of AZ and ZZ Nucleosomes
(A and B) Overview and experiment for the in vitro
histone replacement assay. Bead-bound canon-
ical nucleosome arrays (depicted with three nucle-
osomes for simplicity) were incubated with
Htz1Flag-H2B dimer (chaperoned by Chz1, not de-
picted), SWR1, and ATP for 1 hr (step 1). After
washing, the chromatin was digested with MNase
to liberate mononucleosomes (step 2), which were
subsequently analyzed by nondenaturing PAGE
(step 3). AA (bottom), AZF (middle), and ZFZF
(top) nucleosomes were detected by SYBR green
staining.
(C) In vitro histone replacement time course.
SWR1-mediated histone replacement reactions
were stopped at various times by bead pull-
down and washing. Nucleosomal products were
analyzed as described in (A). (Middle) Densito-
metric measurement of the indicated gel region.
(Right) Peak height versus time.is catalyzed by the SWR1 chromatin remodeling complex, which
could convert AA nucleosomes to the ZZ state by replacing both
nucleosomal H2A-H2B dimers with Htz1-H2B in a concerted
reaction. Alternatively, SWR1 could replace theH2A-H2B dimers
in a stepwise manner involving AZ nucleosomes as a reaction
intermediate. To distinguish these models, we developed
a new histone replacement assay.
In this assay, immobilized arrays of canonical nucleosomes
are incubated with SWR1 purified from an htz1D strain,
Htz1Flag-H2B dimers, and ATP as previously described (Fig-
ure 3A). The chromatin product is then subjected to MNase
digestion to liberate mononucleosomes. Because Htz1 bears
a 33Flag epitope tag, replacement of one nucleosomal H2A-
H2B dimer with Htz1Flag-H2B retards the native electrophoretic
mobility of the nucleosome, and replacement of two dimers
retards the mobility further. Thus, in an ATP-dependent, limited
replacement reaction, three nucleosomal species with discrete
mobility can be resolved by nondenaturing PAGE (Figures 3A
and 3B). We examined the identities of each nucleosome
species by western blotting and confirmed that the top, middle,
and bottom gel bands correspond to ZZ nucleosomes with two
Flags (ZFZF), AZ nucleosomes with one Flag (AZF), and AA nucle-
osomes, respectively (Figure S4A).
The detection of AZ nucleosomes in a partial replacement
reaction suggests that the heterotypic H2A.Z nucleosome may
be a reaction intermediate. To investigate this possibility, we
monitored the progression of the SWR1-catalyzed replacement
reaction in vitro. Consistent with the hypothesis, we found that
the AZ species briefly accumulates upon the addition of ATP,
reaching a maximum at 30 min, followed by a gradual decrease
over time (Figure 3C and Figure S4B). By contrast, the ZZCell 143, 725–736, Nspecies continues to accumulate past
30 min, reaching a plateau where ZZ
nucleosomes represent the bulk of the
nucleosome population, and AA nucleo-
somes are correspondingly diminished
to a minor fraction (Figure 3C and Fig-ure S4B). Thus, reaction kinetics suggests that SWR1 converts
AA nucleosomes to the AZ and ZZ species in a stepwisemanner.
Data of the above experiment do not inform whether a fully
replaced ZZ nucleosome is the reaction end product or
a substrate for additional rounds of H2A.Z replacement (i.e.,
H2A.Z replacing H2A.Z). We addressed this question by first
generating a mixed population of immobilized AA, AZ, and ZZ
nucleosomes by a partial replacement reaction in which Htz1-
H2B dimers provided to SWR1 bear a fluorescent Alexa633 label
on Htz1 and a Flag tag on H2B (Htz1Alexa-H2BFlag dimers) (Fig-
ure 4A). (Analysis of an aliquot by MNase digestion confirms
that mononucleosome products exhibit retarded electrophoretic
mobility and Alexa633 fluorescence depending on the extent of
replacement—the bottom band corresponding to unreplaced
nucleosomes, and the middle and top bands to nucleosomes
containing one and two Htz1Alexa-H2BFlag dimers, respectively
[Figures 4A and 4B, lane I].) A second round of SWR1-mediated
histone replacementusinguntagged, unlabeledHtz1-H2Bdimers
enabled us to evaluate whether the two Htz1Alexa-H2BFlag dimers
in the ZZ nucleosome were replaceable, as shown by a loss of
Alexa633 fluorescence, SYBR green staining, and Htz1 content
in the topnucleosomeband (Figure 4A). However, all three indica-
tors remained essentially unchanged after the second SWR1
reaction, indicating that SWR1 does not catalyze replacement
of ZZ nucleosomes with new H2A.Z-H2B dimers (Figure 4B).
This experiment also permitted us to confirm directly that the
heterotypic AZ nucleosome (middle band) is a substrate for
SWR1-catalyzed histone replacement by virtue of a potential
increase in Htz1 content without a change in electrophoretic
mobility (Figures 4A and 4B, lane II). We found that the middle
band indeed shows amajor increase in the Htz1 western blottingovember 24, 2010 ª2010 Elsevier Inc. 729
Figure 4. AA or AZ Nucleosomes Together with Htz1-H2B Dimer Are the Specific Substrates for SWR1
(A and B) Overview and experiment for the in vitro histone replacement assay. Nucleosomal arrays bearing a mixed population of AA, AZ, and ZZ nucleosomes
were marked with Htz1Alexa-H2BFlag dimers. After incubating with unlabeled, untagged Htz1-H2B, SWR1, and ATP, two potential scenarios depicted in II and III
could occur. (B) is the experiment. (Red) Htz1Alexa. (Flag) H2BFLAG. (Scan) Densitometric analysis of the a-Htz1 western blot.
(C–E) Standard histone replacement assay (Mizuguchi et al., 2004). Immobilized AA or ZZ nucleosomal arrays were incubated with SWR1 (or INO80), native Flag-
epitope-tagged histone dimers, and ATP where indicated. 60 nM of dimers and15 nM nucleosome equivalents were used. The arrays were washed with 0.4 M
KCl before SDS elution and western analysis. (Top) SDS-eluted fraction of the chromatin-bound histones. (Bottom) Free histones in the supernatant fraction. AA
and ZZ ovals indicate the type of nucleosomal arrays used. ZF/B, Htz1Flag-H2B dimer; AF/B, H2AFlag-H2B dimer.
See also Figure S3.signal, demonstrating that the AZ nucleosome, like the AA nucle-
osome (bottom band) is a substrate for SWR1 activity (Figure 4B,
bottom, lane II). Taken together, these results provide compel-
ling evidence that the AZ and ZZ nucleosomes are a bona fide
intermediate and end product, respectively, of the SWR1-medi-
ated histone replacement reaction.No Reverse Replacement of ZZ Nucleosomes with H2A-
H2B Dimers
We confirmed that SWR1 does not replace ZZ nucleosomeswith
H2A.Z-H2B dimers using immobilized ZZ nucleosome arrays
reconstituted from bacterially expressed histones. Incubation
of these arrays with Flag-tagged histone dimers, SWR1, and
ATP showed that SWR1 failed to replace ZZ nucleosomes with
Htz1Flag-H2B dimers even when dimers were in excess relative
to nucleosomes (Figure 4C).
Next, we examined whether AZ and AA nucleosomes could be
produced from the ZZ species though a reverse reaction by incu-
bation of immobilized ZZ nucleosome arrays with excess
H2AFlag-H2B dimers, SWR1, and ATP. This reaction also failed
to produce detectable incorporation of H2AFlag above back-
ground in the bead-bound chromatin fraction (Figure 4D). We730 Cell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc.also tested whether the related INO80 remodeling complex
could mediate a reverse replacement reaction and found no
detectable ATP-driven exchange of H2AFlag into ZZ nucleosomal
arrays under reaction conditions (Figure 4D). Thus, other mech-
anisms may be responsible for the displacement of H2A.Z and
reassembly of the canonical nucleosome. By contrast, incuba-
tion of AA nucleosome arrays with saturating H2A-H2B dimers
(60 nM) gave a small but reproducible level of ATP-dependent
incorporation of H2AFlag into chromatin (Figure 4E), consistent
with previous findings (Mizuguchi et al., 2004). We conclude
that the histone replacement pathway mediated by SWR1 is
unidirectional, with strong substrate specificity for H2A-contain-
ing nucleosomes and the Htz1-H2B dimer.Canonical Nucleosomes Specifically Stimulate SWR1
ATPase
Histone variant replacement by the multicomponent SWR1
complex involves interaction with at least three essential
substrates: ATP, the H2A-containing nucleosome, and the
Htz1-H2B dimer. The differential utilization of H2A-containing
nucleosomes suggests that SWR1 recognizes H2A- over
H2A.Z-containing nucleosomes. Specific recognition could be
Figure 5. AA, but Not ZZ, Nucleosomes Stimulate SWR1 ATPase
(A–C) ATPase assay for chromatin remodelers. Inorganic phosphate (Pi) produced during ATP hydrolysis was monitored in real time by MDCC-PBP, which
increases in fluorescence upon phosphate binding (Brune et al., 1994). Reactions were performed at 23C in the absence (orange) or presence of 15 nMAA nucle-
osomes (red), ZZ nucleosomes (green), or free DNA (blue). ATP was added 20 s before the first measurement (zero time) to final concentrations of 62.5 mM for
SWR1 and 500 mM for INO80 and SWI/SNF. Relative fluorescence was set as zero at zero time for all reactions.
(D) ATPase assay for SWR1 in the absence (orange) or presence of 15 nM recombinant Htz1-H2B dimers (Z/B, black), H2A-H2B dimers (A/B, gray), or AA nucle-
osomes (red).
(E) ATPase assay for SWR1 in the presence of AA nucleosomes and various ATP concentrations. Phosphate concentrations (calculated based on a linear phos-
phate standard curve) were plotted against time. Initial rate (vo) was determined by the slope of the linear part of each curve (0–300 s).
(F and G) Plots of initial rate versus substrate (ATP) concentrations for 1 nM SWR1 and 0.1 nM INO80 in the presence or absence of 15 nM AA nucleosomes, ZZ
nucleosomes, or DNA. The kinetic parameters Vmax and KM were determined by nonlinear fitting of the Michaelis-Menten curve over plotted values.
(H) Turnover number kcat (obtained from dividing Vmax by total enzyme concentration) and KM for the ATPase of SWR1, INO80, and SWI/SNF in the presence or
absence of 15 nM AA nucleosomes, ZZ nucleosomes, or DNA. Error bars represent the range of two measurements.
See also Figure S5.a consequence of differential nucleosome binding and/or activa-
tion of the ATPase activity of SWR1. We examined whether AA
and ZZ nucleosomes differentially stimulate the ATPase activity
of SWR1 with the use of a real-time fluorescence assay that
monitors production of inorganic phosphate fromATP hydrolysis
(Brune et al., 1994).
Previously, we reported that the SWR1 complex exhibits
nucleosome-stimulated ATPase activity as shown by hydrolysis
of P32-ATP (Mizuguchi et al., 2004). This was confirmed by the
fluorescence assay, which shows strong stimulation of ATP
hydrolysis by conventional nucleosomes, and not by nakedDNA (Figure 5A and Figure S5A). Analysis of initial rates indicates
an 2.5-fold increase of ATP hydrolysis at saturating nucleo-
some and ATP levels. Strikingly, similar concentrations of ZZ
nucleosomes failed to stimulate the ATPase activity of the
SWR1 complex (Figure 5A and Figure S5A). This demonstrates
that SWR1 can functionally discriminate between conventional
and variant nucleosomes. By contrast, INO80 and SWI/SNF
exhibit no differential stimulation of ATPase activity by saturating
levels of AA and ZZ nucleosomes (Figures 5B and 5C and Fig-
ure S5). Of interest, both free H2A-H2B and Htz1-H2B dimers
failed to stimulate the ATPase activity of SWR1 in the absenceCell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc. 731
Figure 6. Further Binding of H2A.Z-H2B Dimer Hy-
peractivates SWR1 ATPase and Evicts Nucleo-
somal H2A-H2B
(A) Standard histone replacement assay (Mizuguchi et al.,
2004). Immobilized AA nucleosomal arrays (reconstituted
with H2AHA histone) were incubated with SWR1,
Htz1Flag-H2B (Z/B), histone chaperones, and ATP where
indicated. (Top) Western analyses of chromatin-bound
histones eluted by SDS. (Bottom) Western analyses of
unincorporated histones. 22 nM of Chz1 or FACT was
added to facilitate possible histone eviction.
(B) ATPase assay for SWR1 in the presence of 15 nM AA
nucleosomes and 15 nM Htz1-H2B dimers (purple). Red
is the AA only control.
(C) Kinetic parameters of SWR1 ATPase in the presence of
15 nM AA nucleosomes and 15 nM Htz1-H2B dimers
(purple). For comparison, the curve and parameters for
AA alone (red) are reproduced from Figures 5H and 5F,
respectively. Errors represent the range of two measure-
ments.
(D) Specificity of SWR1 ATPase hyperstimulation. ATPase
assay was performed as described in Figure 5A except
with different combinations of nucleosomes (Nuc) and
histone dimers. Z/B, Htz1-H2B dimers; A/B, H2A-H2B
dimers; AA, AA nucleosomes; ZZ, ZZ nucleosomes; (–)
control, no dimer or nucleosome.
See also Figure S6.of nucleosomes, suggesting that H2A-specific recognition must
be in the context of nucleosome architecture (Figure 5D).
We determined kinetic parameters for ATP hydrolysis by the
SWR1 complex (Figures 5E, 5F, and 5H). SWR1 has an enzyme
turnover rate (kcat) of 0.1 s
1 in the presence or absence of DNA.
The kcat remains essentially the same when SWR1 is incubated
with ZZ nucleosomes but increases to 0.25 s1 (2.5-fold) with
saturating AA nucleosomes (Figures 5F and 5H). Hence, binding
of H2A-containing nucleosomes to SWR1 stimulates ATPase
activity by increasing the catalytic efficiency of the enzyme.732 Cell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc.H
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HThe Michaelis constant (KM), which represents
the ATP concentration at half maximal velocity
(1/2 Vmax), shows little change for canonical
and variant nucleosomes (5 mM and 7 mM,
respectively). In comparison, the stimulated
SWI/SNF has a kcat of 5.5 s
1 and KM of 80.5
mM, values consistent with previous determina-
tions (Smith and Peterson, 2005) (Figure 5H).
Nucleosome Stimulation of SWR1
ATPase Is Not Sufficient for H2A-H2B
Eviction
The stimulation of SWR1 ATPase by incubation
with conventional nucleosomes raised the
question of whether such ATP hydrolysis would
be sufficient for eviction of the nucleosomal
H2A-H2B dimer to facilitate Htz1-H2B deposi-
tion. To test this hypothesis, we incubated
SWR1 with immobilized arrays of conventional
nucleosomes carrying epitope-tagged histone2AHA and monitored H2AHA-H2B eviction in the supernatant
action by western blotting. Whereas the SWR1-catalyzed
tz1 replacement reaction in the presence of Htz1-H2B dimer
nd histone chaperone) occurs robustly with quantitative evic-
on of H2AHA, we did not detect any eviction of histone H2AHA
the absence of Htz1Flag-H2B dimer (Figure 6A). Thus, the stim-
lation of ATP hydrolysis provided solely by canonical nucleo-
ome effector is inadequate for eviction of nucleosomal
2A-H2B. Moreover, eviction of H2A-H2B and insertion of
tz1-H2B appear to be coupled processes.
Figure 7. A Model for SWR1-Mediated
Histone Replacement
(A) Promoter nucleosome cycle. An AA nucleo-
some at the +1 promoter-proximal position is con-
verted to the AZ and ZZ states by SWR1 via a step-
wise, unidirectional pathway. The ZZ nucleosome
is subsequently converted back to the AA state
through pathways most likely involving nucleo-
some eviction and reassembly with an AA nucleo-
some (dotted gray arrows).
(B) SWR1 catalytic cycle. SWR1 stochastically
binds to one face of an AA nucleosome and the
H2A.Z-H2B dimer, leading to hyperstimulation of
ATPase activity (deep red) and a conformational
change in SWR1 (shown) required for histone
replacement. The newly incorporated Z face of
the AZ nucleosome deactivates the ATPase and
stops further histone replacement activity. The
AZ nucleosome dissociates and rebinds stochas-
tically on the A face for a second replacement
reaction.Htz1-H2BDimer andCanonical NucleosomeSpecifically
Activate SWR1
The requirement for free Htz1-H2B dimers for SWR1-mediated
H2A.Z replacement prompted us to investigate whether addition
of Htz1-H2B to SWR1 further increases ATP hydrolysis. Indeed,
we observed a clear hyperstimulation of the ATPase activity of
SWR1 when saturating Htz1-H2B dimers (15 nM), and canonical
nucleosomes are both provided to SWR1 in the reaction (Figures
6B and 6D). The hyperstimulated ATPase activity exhibits a kcat
of 0.45 s1, which represents an additional 1.8-fold increase in
the kcat relative to the stimulation by nucleosomes only (a 4.1-
fold increase in total), with little change of KM (Figure 6C). We
observed less hyperstimulation when H2A-H2B dimers were
substituted for Htz1-H2B at the same molar concentration
(Figure 6D, left). Importantly, a 4-fold increase of H2A-H2B
dimers (60 nM) hyperstimulated ATPase activity to nearly
maximal level (Figure 6D, right), whereas hyperstimulation of
the ATPase activity upon addition of Htz1-H2B or H2A-H2B
dimers (at either concentration) to ZZ nucleosomes was much
lower (Figure 6D). Given that incorporation of new H2A in canon-
ical nucleosomal arrays is low (Figure 4E) under conditions
wherein ATPase activity is high, these findings indicate that
high ATPase activity per se is not sufficient for histone replace-
ment. It is the presence of the correct in vivo substrates that
ensures efficient coupling of the high ATPase activity to histone
replacement.
DISCUSSION
The steady-state level of H2A.Z at promoter-proximal nucleo-
somes is a consequence of the opposing pathways of H2A.Z
incorporation and H2A.Z eviction. Our observation of three
distinct variant states of promoter nucleosomes in a cell popu-
lation is complementary to previous mapping studies of H2A.Z
in budding yeast (Albert et al., 2007; Raisner et al., 2005; San-
tisteban et al., 2000). The comparable representation of AA
and ZZ states suggests that the AA-to-ZZ and ZZ-to-AA path-
ways are balanced for many genes, without one pathway domi-nating. However, this balance can be shifted, for example, at
highly transcribed promoters (top 10% RNA Pol II occupancy)
in which the ZZ and AZ states are underrepresented relative
to the AA state for the +1 nucleosome position (Figure S2E),
suggesting that H2A.Z eviction is occurring at a faster rate
than incorporation. The greater restriction of the ZZ than AZ
state to +1 and 1 nucleosome positions is interesting and
may be a consequence of the stepwise nature of the histone
replacement reaction and the local concentration of SWR1
recruited to gene promoters (Venters and Pugh, 2009; Yoshida
et al., 2010).
Our in vitro studies show that SWR1 is capable of stepwise
deposition of H2A.Z-H2B into canonical nucleosomes, coupled
with H2A-H2B eviction, to give a fully replaced variant nucleo-
some. However, once incorporated, H2A.Z cannot be evicted
by SWR1, even in excess of either H2A.Z-H2B or H2A-H2B
dimers under otherwise identical reaction conditions. Therefore,
the SWR1-mediated pathway of H2A.Z replacement is unidirec-
tional, terminating with ZZ nucleosomes. It is possible that
a reverse reaction from the ZZ to AA nucleosome state requires
different conditions, cofactors, or modifications of the SWR1
enzyme or histone substrates. Alternatively, a return to the AA
state may occur through separate pathways. For example, other
SWI/SNF family members might possess the capability for
specific replacement of nucleosomal H2A.Z-H2B with H2A-
H2B, but we have not observed such activity for INO80,
a chromatin remodeling complex paralogous to SWR1, under
conditions in which INO80 displays robust nucleosome- or
DNA-stimulated ATPase and histone octamer sliding activities
(Figure 5, Figure S5, and unpublished data).
More likely, the well-documented high histone H3 turnover
rate at promoters implies promoter-specific nucleosome
disassembly, i.e., eviction of H2A.Z-H2B and H3-H4, and subse-
quent nucleosome reassembly with new histones (Dion et al.,
2007; Rufiange et al., 2007), thereby completing the dynamic
cycling of H2A and H2A.Z at gene promoters (Figure 7A).
These processes are likely to be mediated by a combination of
SWI/SNF family enzymes (Barbaric et al., 2007; Gutie´rrezCell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc. 733
et al., 2007; Lorch et al., 2006), RNA polymerase (Weiner et al.,
2010), and core histone chaperones (Corpet and Almouzni,
2009; Das et al., 2010). In addition, the in vivo lability of H2A.Z-
containing nucleosomes as reflected in salt sensitivity should
also contribute (Henikoff et al., 2009; Jin and Felsenfeld, 2007;
Zhang et al., 2005). Indeed, histone modifications at promoters
correlate with the signatures of newly deposited histones, such
as H3K56Ac and H4K16 deAc (Rando and Chang, 2009).
The directional nature of the H2A.Z replacement pathway
implies that SWR1 must functionally differentiate between ZZ
and AA (or AZ) nucleosomes. We have traced this differentiation,
at least in part, to a specific, 2.5-fold increase of the ATPase
activity (kcat) of SWR1 induced by AA, but not ZZ, nucleosomes.
However, this level of stimulation is insufficient for the eviction of
H2A-H2B from nucleosomes. Only after further addition of free
H2A.Z-H2B dimers is the ATPase activity of SWR1 hyperstimu-
lated (4-fold increase of kcat), concurrent with H2A-H2B eviction
and H2A.Z-H2B deposition. However, a hyperstimulated SWR1
ATPase is only necessary, but not sufficient, to mediate robust
histone replacement, as saturating free H2A-H2B dimers can
hyperstimulate SWR1 ATPase to nearly maximal level but with
substantially reduced histone replacement (Figure 4E and Fig-
ure 6D). This finding implies that unique features of H2A.Z-H2B
dimer, in addition to stimulating ATP hydrolysis, enhance histone
replacement by allosterically coupling the ATPase motor to
histone transactions. This additional molecular specificity seems
biologically necessary, given that H2A-H2B dimers should be in
excess over H2A.Z-H2B dimers in vivo.
Overall, our data suggest a model in which SWR1 binding to
and recognition of its two in vivo histone substrates (one face
of the AA nucleosome and the H2A.Z-H2B dimer) lead to hyper-
stimulation of ATPase activity as well as a conformational
change in SWR1 required for displacement of H2A-H2B and
insertion of H2A.Z-H2B (Figure 7B). The order of SWR1 binding
to nucleosomes and H2A.Z-H2B dimers should be stochastic.
The newly incorporated Z face of the AZ nucleosome deactivates
the ATPase and stops further histone replacement. The AZ
nucleosome subsequently dissociates from and reassociates
with SWR1 in a stochastic fashion (Figures 7B and 7C). In the
second round, recognition by SWR1 of the A face of the AZ
nucleosome and new H2A.Z-H2B dimer binding restimulates
SWR1 activity to catalyze replacement of the remaining nucleo-
somal H2A-H2Bwith H2A.Z-H2B. Functional recognition of the A
face of an AA or AZ nucleosome and the requirement for free
H2A.Z-H2B dimer ensures that only these effectors, which are
also substrates for SWR1, are productively utilized. This
provides a way of controlling the specificity and outcome of
the replacement reaction, which terminates with the ZZ
nucleosome.
The SWR1 complex contains multiple ATP-binding subunits,
including Swr1, actin, actin-related proteins Arp4 and Arp6,
and the Rvb1-Rvb2 dodecamer, members of the AAA+ family
of ATPases (Jha and Dutta, 2009; Mizuguchi et al., 2004). We
have previously found that a mutation (K727G substitution) in
the ATP-binding motif of the Swr1 subunit is sufficient to
abrogate Htz1 replacement in vivo and in vitro without affecting
assembly of the SWR1 complex (Mizuguchi et al., 2004). The
ATPase activity of the purified mutant enzyme is neither stimu-734 Cell 143, 725–736, November 24, 2010 ª2010 Elsevier Inc.lated by AA nucleosomes nor hyperstimulated by further addition
of Htz1-H2B dimer (Figure S6). These findings indicate that the
Swr1 ATPase is the key subunit whose activity is governed,
directly and/or indirectly, by the histone effectors.
It will be interesting to define the molecular determinants
within the canonical nucleosome and the H2A.Z-H2B dimer
that are specifically recognized by the SWR1 complex, to identify
the SWR1 components interacting with the nucleosome, and to
follow the fate of the evicted H2A-H2B dimer. Other questions
are the importance of the two Htz1-binding modules in SWR1
(Swc2 and the N terminus of the Swr1 subunit itself); the relation-
ship between ATPase activity, DNA translocase activity, and un-
wrapping of nucleosomal DNA; the timing and coupling of H2A
eviction and H2A.Z insertion; and the structural transformations
of SWR1 that accompany these events. Our present findings and
the biochemical assays that we have developed should facilitate
future investigations on the mechanism of histone H2A.Z
replacement.
EXPERIMENTAL PROCEDURES
Immunopurification of AA, AZ, and ZZ Nucleosomes
Crude chromatin was isolated from formaldehyde-fixed yeast cells as
described in Liang and Stillman (1997) and digested with MNase to mononu-
cleosomal level. Sequential IP was performed with the use of anti-Flag M2
agarose (Sigma) and anti-H2A antibodies (Active Motif) bound to nProtein A
Sepharose (GE Healthcare).
Amplification and Labeling of Nucleosomal DNA for Microarray
Analysis
Nucleosomal DNA andMNase-treated genomic DNA control were treatedwith
alkaline phosphatase (CIP, NEB) and end-repair enzyme mix (End-It kit, Epi-
centre) before being amplified by ligation-mediated PCR (Johnson et al.,
2008). Labeling was performed using the BioPrime Plus labeling kit (Invitrogen)
according to the manufacturer’s protocol.
Microarrays
Custom tiling microarrays were designed based on the Agilent 43 180K plat-
form. Each microarray contained 150,000 biological probes spanning
selected genomic regions. The tiling probes were spaced, on average, 10 bp
apart and covered both the sense and antisense DNA strands.
Normalization ofMicroarray Data for Different Nucleosomal Species
Given that Htz1 is the only H2A variant in budding yeast, normalization of mi-
croarray data was performed based on the assumptions that, to a first approx-
imation, the sum of Z total and AA nucleosomes is equal to the total nucleo-
some signal and that the sum of AZ and ZZ nucleosomes is equal to the Z
total nucleosome signal. Details are provided in Figure S3 and legend.
In Vitro Histone Replacement Assay
The SWR1 histone replacement assay was performed according to Mizuguchi
et al. (2004) except the immobilized nucleosomal arrays (80 ng DNA equiva-
lents) were digested with 0.16 U/ml MNase (+ 2mMCaCl2) to liberate the nucle-
osomes. The reactions were stopped with 10 mM EDTA before analysis by
nondenaturing PAGE.
In Vitro Histone Replacement Assay Using Fluorescently Labeled
Htz1-H2B Substrate
To generate the mixed AA, AZ, and ZZ nucleosomal substrate for the experi-
ment in Figure 4B, AA nucleosomal arrays were incubated with SWR1 pre-
chargedwith Htz1Alexa-H2BFlag andwith Htz1-H2BFlag. The resulting chromatin
had comparable levels of AA, AZ, and ZZ nucleosomes, which also exhibited
comparable Alexa633 fluorescence for the AZ and ZZ nucleosomal species. In
the chase step, the labeled nucleosomes were incubated with SWR1
precharged with the unlabeled, untagged Htz1-H2B. After washing, the nucle-
osomal products were released by MNase digestion and analyzed by nonde-
naturing PAGE as described above.
ATPase Assay
ATPase assay was performed based on the procedure described in Brune
et al. (1994). In this assay, inorganic phosphate (Pi) produced during ATP
hydrolysis is monitored by the fluorophore-modified phosphate-binding
protein MDCC-PBP (Phosphate Sensor, Invitrogen), which increases in fluo-
rescence upon Pi binding. Measurements were performed at 23C on aWallac
Victor plate reader using a 405 nm excitation, 460 nm emission filter set.ACCESSION NUMBERS
The GEO accession number for the microarray data sets is GSE24618.SUPPLEMENTAL INFORMATION
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